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Renibacterium salmoninarum is the causative agent of bacterial kidney disease and a significant threat to

healthy and sustainable production of salmonid fish worldwide. This pathogen is difficult to culture in vitro,
genetic manipulation is challenging, and current therapies and preventative strategies are only marginally
effective in preventing disease. The complete genome of R. salmoninarum ATCC 33209 was sequenced and
shown to be a 3,155,250-bp circular chromosome that is predicted to contain 3,507 open-reading frames
(ORFs). A total of 80 copies of three different insertion sequence elements are interspersed throughout the
genome. Approximately 21% of the predicted ORFs have been inactivated via frameshifts, point mutations,
insertion sequences, and putative deletions. The R. salmoninarum genome has extended regions of synteny to
the Arthrobacter sp. strain FB24 and Arthrobacter aurescens TC1 genomes, but it is approximately 1.9 Mb
smaller than both Arthrobacter genomes and has a lower G+C content, suggesting that significant genome
reduction has occurred since divergence from the last common ancestor. A limited set of putative virulence
factors appear to have been acquired via horizontal transmission after divergence of the species; these factors
include capsular polysaccharides, heme sequestration molecules, and the major secreted cell surface antigen
p57 (also known as major soluble antigen). Examination of the genome revealed a number of ORFs homolo-
gous to antibiotic resistance genes, including genes encoding (3-lactamases, efflux proteins, macrolide glyco-
syltransferases, and rRNA methyltransferases. The genome sequence provides new insights into R. salmoni-
narum evolution and may facilitate identification of chemotherapeutic targets and vaccine candidates that can

be used for prevention and treatment of infections in cultured salmonids.

Infection of salmon and trout by Renibacterium salmonina-
rum causes bacterial kidney disease (BKD), a progressive, mul-
tifocal, granulomatous disease that involves all internal organs,
particularly the kidney (21, 26, 67). This gram-positive bacte-
rium causes morbidity and mortality in both farmed and wild
fish in nearly all regions of the world where salmonids are
found (66). Despite the fact that R. salmoninarum has been
recognized as a major fish pathogen for over 70 years, the
mechanisms of R. salmoninarum transmission, pathogenesis,
and immune evasion are poorly understood. The disease is
chronic in nature, and mortality occurs most often in 6- to
12-month-old juvenile salmonids and prespawning adults (17).
The spread of BKD has followed the rapid expansion of sal-
monid culture, and to date, most recorded outbreaks of BKD
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have occurred in fish culture facilities; the losses have been as
high as 80% in stocks of Pacific salmon and 40% in stocks of
Atlantic salmon (Salmo salar) (21). The chronic nature of the
disease has hindered accurate estimation of fish losses in feral
fish populations. In the Pacific Northwest of the United States,
the prevalence of R. salmoninarum in juvenile Chinook salmon
can vary from 60 to 100% in different populations, although
the pathogen burden is usually low in the majority of the fish
(16, 52). BKD is also the greatest cause of infectious disease-
related mortality in restoration and conservation programs for
several endangered species (25, 35).

R. salmoninarum is one of the few vertebrate bacterial
pathogens known to be vertically transmitted by intraovum
infection during egg maturation (7, 19, 20). This pathogen can
also be transmitted horizontally from infected fish sharing a
water supply (1, 40). Prophylaxis or prevention of R. salmoni-
narum infection is challenging, due in part to the ability of this
bacterium to survive phagocytosis and possibly replicate within
macrophages (2, 33, 62, 73). For Pacific salmon, there are no
efficacious vaccines, and antibiotic therapy never fully elimi-
nates the pathogen (15, 55). For Atlantic salmon, however,
which has greater innate resistance, immunization with live
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FIG. 1. R salmoninarum is closely related to Arthrobacter spp. based on 16S rRNA sequence analysis (A) and protein cluster analysis (B).
(A) 16S rRNA sequences were aligned using ClustalW, and a tree was constructed using the neighbor-joining method with 1,000 bootstrap
replications. The dots indicate pathogenic bacterial species with evidence of genome reduction. Bar = 0.01 nucleotide substitution. The large
arrowheads indicate collapsed branches containing the 16S rRNA sequences of the following Streptomyces and Corynebacterium strains: Coryne-
bacterium diphtheriae NCTC 13129 (accession number NC_002935), Corynebacterium jeikeium K411 (accession number NC_007164), Corynebac-
terium efficiens YS-314 (accession number NC_004369), Corynebacterium glutamicum ATCC 13032 (accession number NC_006958), Streptomyces
coelicolor A3(2) (accession number NC_003888), and Streptomyces avermitilis MA-4680 (accession number NC_003155). Ten additional 16S rRNA
sequences from completed genomes were included in the alignment but are not shown. (B) Venn diagram showing the numbers of common and
unique protein clusters for R. salmoninarum and the sequenced Arthrobacter spp. The numbers of protein clusters and the total numbers of ORFs

in the clusters are indicated.

Arthrobacter davidanieli (commercially known as Renogen) can
provide significant cross-protection (32, 57). The ability of A4.
davidanieli to protect against BKD is presumably a function of
the overall genetic relationship between the genus Arthrobacter
and R. salmoninarum (Fig. 1A). Both taxa are high-G+C-
content gram-positive members of the Micrococcaceae (26).
There are many challenges in studying the biology and
pathogenesis of R. salmoninarum. This bacterium grows ex-
tremely slowly in vitro, and up to 6 weeks is required for

primary isolation (26). While genetic tools for studying R.
salmoninarum are available, the process used to introduce or
inactivate specific genes is arduous and time-consuming (51).
Because of these challenges to research with this organism, we
completed and analyzed the R. salmoninarum genome se-
quence. The results of this sequencing study demonstrate that
this pathogen evolved, via genomic reduction and horizontal
gene acquisition, from members of the nonpathogenic genus
Arthrobacter.
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MATERIALS AND METHODS

Clone isolation. R. salmoninarum ATCC 33209 was originally isolated from a
yearling Chinook salmon (Oncorhynchus tshawytscha) at a salmon hatchery in
western Oregon (58). Although other workers have reported that this strain is
modestly attenuated compared to other R. salmoninarum isolates (39, 50, 60),
challenge experiments carried out prior to extraction of DNA for sequencing
showed that it had not lost virulence due to laboratory passage (see Fig. S1 in the
supplemental material). A single colony of the pathogen was isolated and cul-
tured in KDM-II medium (18) supplemented with 10% bovine serum for pro-
duction of DNA. Genomic DNA was prepared as described previously, and the
DNA was used for construction of small- and large-insert libraries for sequencing
(70).

Genome sequencing. A whole-genome shotgun sequencing approach was used
to determine the sequence of the R. salmoninarum strain ATCC 33209 genome,
as described previously (34, 71). Randomly picked small-insert plasmids (average
insert size, 2.6 kbp), cloned into the blunt-ended pUC19 vector, were sequenced
at both ends using universal forward and reverse sequencing primers and stan-
dard protocols established at the University of Washington Genome Center.
Altogether, 52,183 reads were performed, which provided 9.7X sequence cov-
erage with an average Q20 (22) of 590 bases/read. A Sau3A partial fosmid library
was also constructed in the pCCFOS vector digested with BamHI using the
standard protocol (48). A total of 768 independent fosmid clones were picked
and paired-end sequenced, and mated paired-end sequences were obtained for
91.8% of the clones. BigDye terminator chemistry and capillary DNA sequencers
(model 3700; Applied Biosystems) were used for generating the sequence data
(34, 71). The sequence data were assembled and visualized using Phred/Phrap/
Consed software tools (22, 23, 28). The sequence quality and contiguity were
improved by carrying out six rounds of experiments designed by using the
Autofinish tool in Consed (29). The Autofinish-designed experiments utilized
primarily small-insert clones to improve the sequence quality and/or to close
some gaps. Following six rounds of Autofinish, both small-insert and fosmid
clones were utilized for manual finishing. This involved (i) using specialized
sequencing chemistries to sequence difficult regions, (ii) PCR amplification and
sequencing of specific targeted regions, (iii) transposon mutagenesis of the small-
insert clones, followed by sequencing to fix misassembled or difficult-to-assemble
regions, and (iv) shotgun sequencing of the targeted fosmid clones to fix long-
range misassemblies in the assembled genome. Altogether, 8,968 finishing reads
were attempted during the course of this project. In addition, 52 small-insert
clones were mutagenized by transposon mutagenesis, and independent clones
were picked to generate a consensus sequence for these clones. Twenty-nine
fosmid clones that spanned misassembled or large gap regions were sequenced
and assembled independently. The consensus sequences for transposon mu-
tagenized and fosmid clones were used as backbones in the main R. salmonina-
rum genome assembly to resolve misassembled regions. The final R. salmonina-
rum ATCC 33209 genome assembly was oriented so that the genome coordinates
started at the origin of replication (ori) at position 1, as defined by the GC skew,
the characteristic nucleotide composition, and the presence of dna4 immediately
following the ori.

Genome assembly validation. The final genome assembly was validated by two
independent methods. The gross-scale long-range validity of the genome assem-
bly was established by complete agreement between the virtual fingerprint pat-
tern of the genome in Pmel, Pacl, or Swal restriction enzyme domains and the
experimentally determined restriction fragment sizes determined by pulsed-field
gel electrophoresis (data not shown). For 1-kb and larger-scale validation, fin-
gerprint data were generated from the paired-end sequences of 768 fosmid
clones by digestion with three independent restriction enzymes, Bglll, HindIII,
and Pstl, generating 2,256 fingerprints or 97.9% of the theoretical 2,304 finger-
prints. The fosmid paired-end sequence and experimentally derived fingerprint
data were used for validation of the assembly by comparison with the virtual
fingerprint patterns for the assembled genome using the SeqTile software tools
developed for this purpose at the University of Washington Genome Center (34,
71). Thus, the assembly was validated at 1-kb resolution by comparing fosmid-
based fingerprints for BglII, HindIII, and PstI restriction enzyme domains with
the virtual patterns for the finished genome assembly. A complete correspon-
dence between the virtual and experimentally derived fingerprint patterns of the
genome in the BgllI, HindlIII, and PstI restriction enzyme domains was observed,
which validated the genome assembly.

Phylogenetic trees. 16S rRNA sequences were obtained using an NCBI tax-
onomy browser (http://www.ncbi.nlm.nih.gov) search for Actinobacteria (high-
G+ C-content gram-positive bacteria) with known genome sequences. 16S rRNA
sequences were compared using a predetermined alignment from the NAST
alignment tool (11). A manually inspected, multiple alignment was used as the
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TABLE 1. Oligonucleotide primers used for amplification of four
fragmented R. salmoninarum ORFs from recent clinical
isolates and clinically infected Chinook salmon

Oligonucleotide Gene Oligonucleotide sequence
dppDJF (F) RSal33209_1660 5'-GGCCGCGATGTGTCGA
TGGTTTT-3'
dppD/F (R) RSal33209 1659 5'-GCCCAAGTGCGGCACT
GCAGC-3’
Citrate synthase RSal33209_2900 5'-GCGCGGAGAGAAGTTC
(F) TTGTG-3'
Citrate synthase RSal33209 2898 5'-CGATGCGGTGCGACGT
(R) TTT-3'
tetP (F) RSal33209_1874 5'-GCCTAGCGACGCAAAA
G-3’
tetP (R) RSal33209 1873 5'-ATAGTGACTAAGCAAT
CGGTG-3'
fbp (F) RSal33209 1552 5'-CTGACGCCAACGGTAA
ATACACC-3’
fbp (R) RSal33209_1551 5'-GGCGGATTCTCAACACT
CACG-3’

input for generation of phylogenetic trees, using the program package MEGA v
3.1 (37). Both neighbor-joining and maximum parsimony methods, performed
using default settings in the MEGA program, were employed to obtain charac-
ter-based trees. The two methods yielded similar clusters and arrangements of
taxa. The genome sequences of Arthrobacter sp. strain BF A20 and A.davidanieli
have not been determined, but the 16S RNA sequences were included for
comparative purposes.

OREF identification and annotation. Open reading frame (ORF) calling was
performed as described previously (46). Two rounds of automated annotation
were initially performed utilizing the ERGO genome analysis suite (Integrated
Genomics, Chicago, IL) during genome assembly and closure (46). The final
finished genome sequence was also subjected to automated ORF calling and
annotation on 23 August 2006 using The Institute for Genomics Research
(TIGR) automated annotation software (65). Subsequently, each ORF was man-
ually examined using a number of bioinformatics tools, including BLAST and
PSI-BLAST  (http://www.ncbi.nlm.nih.gov:80/blast/Blast.cgi?CMD =Web&PAGE
_TYPE=BlastHome), Pfam (http:/pfam janelia.org/), TMPred (http://www.ch
.embnet.org/software/TMPRED_form.html), and ProSite (http:/myhits.isb-sib
.ch/cgi-bin/index). During the annotation process, a large number of partial genes
were noted. Most of these ORFs were also flagged by ERGO and TIGR ORF-
calling software as possible frameshifts and point mutations. The sequence data
for candidate frameshifts were manually inspected to rule out sequencing or
assembly errors. These ORFs were also compared with putative orthologues in
the Arthrobacter sp. strain FB24 and Arthrobacter aurescens TC1 genomes. Can-
didate partial ORFs and the protein-encoding regions were designated either
“partial,” “partial N terminus” or “partial C terminus.” The partial ORFs were
then categorized using the TIGR cellular main role list, as shown in the supple-
mental material.

Sequencing of selected R. salmoninarum genes from different sources. DNAs
from laboratory strains R. salmoninarum MT239 and R. salmoninarum 684 were
prepared as previously described (70). DNA was also prepared from kidney
tissue of naturally infected Upper Columbia River spring Chinook salmon (On-
chorhyncus tschawytscha) brood stock being reared at the Bonneville Fish Hatch-
ery, Bonneville, OR. These fish had recently died of R. salmoninarum infection,
and their kidneys were heavily infected with the pathogen. Each of these DNAs
was used as a template for PCR amplification of selected genes, using Pfx DNA
polymerase and oligonucleotide primers shown in Table 1. Products of the
amplification reactions were cloned into the pCR-Blunt II-TOPO vector accord-
ing to the manufacturer’s directions (Invitrogen, CA). Plasmids were purified,
and the nucleotide sequence of each cloned insert was determined in both
orientations. Each of the sequences was compared to the corresponding gene
sequence in the completed R. salmoninarum ATCC 33209 genome sequence
using ClustalW in the MacVector DNA analysis program (MacVector, Inc.,
Cary, NC). Any gene sequences that differed from those in the ATCC 33209
genome were reamplified, recloned, and resequenced for confirmation.

Comparative g ics of R. sal) um, A. aurescens TC1, and Arthrobacter
sp. strain FB24. ERGO Workbench was used to determine common and unique
Role/IDs for R. salmoninarum, A. aurescens TC1, and Arthrobacter sp. strain
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TABLE 2. Genome statistics for R. salmoninarum strain ATCC 33209, A. aurescens TC1, and Arthrobacter sp. strain FB24

Data category

R. salmoninarum strain
ATCC 33209°

Arthrobacter sp.

A. aurescens TC1 strain FB24

Total no. of DNA bases sequenced

No. of bases in DNA coding sequence

No. of G+C bases in DNA

Total no. of ORFs

No. of ORFs with assigned function

No. of ORFs with no assigned function

No. of ORFs with no assigned function or similarity
No. of ORFs with no assigned function but with similarity
No. of ORFs in paralog clusters

No. of ORFs in COGs

No. of ORFs with Pfam matches

No. of COGs

3,155,250 (100)” 5,226,648 (100) 5,070,478 (100)
2,854,595 (90.5) 4,587,903 (87.8) 4,538,003 (89.5)
1,775,501 (56.3) 3,262,989 (62.4) 3,315,507 (65.4)
3,507 (100) 4,587 (100) 4,506 (100)
2,620 (74.7) 2,891 (63.0) 2,986 (66.3)
887 (25.3) 1,696 (37.0) 1,520 (33.7)
240 (6.8) 262 (5.7) 147 (3.3)
647 (18.5) 1,434 (31.3) 1,373 (30.5)
592 (16.9) 1,000 (21.8) 1,067 (23.7)
2,428 (69.2) 3,382 (73.7) 3,426 (76.0)
2,002 (57.1) 3,273 (71.4) 2,700 (59.9)
1,064 1,262 1,287

“ ORF data were compiled from the ERGO Light website (http://www.ergo-light.com/index.cgi/).

® The numbers in parentheses are percentages.

FB24. Clusters of similar Role/IDs were generated using the Build Clusters
function and a protein similarity threshold of 1.0e—10, and subset clusters were
extracted by organism sets containing either individual genomes, paired combi-
nations of genomes, or all three genomes.

Nucleotide sequence accession number. The R. salmoninarum ATCC 33209
genome sequence has been deposited in the GenBank database under accession
number NC_010168.

RESULTS

General genome features. The final R. salmoninarum ATCC
33209 genome was assembled as a single circular chromosome
consisting of 3,155,250 bases (Table 2), and 51,799 shotgun
reads were included in the final genome assembly. Cumulative
GC skew analysis identified a transition in the G+C content
close to dnaA (Fig. 2). There are 46 tRNAs and two rRNA
operons located at bp 364,813 to 370,362 and bp 674,875 to
680,424 in relation to the putative origin of replication. The
G+C content is 56.3%, in agreement with previous measure-
ments (3). This value is 6 to 9% lower than the value for either
sequenced species of Arthrobacter (41) (Table 2). The ATCC
33209 strain lacks any associated plasmids or apparent inte-
grated phage. The genome was predicted to contain 2,777
protein-encoding sequences, and manual annotation identified
730 “partial” protein-encoding sequences that represent puta-
tive pseudogenes; 360 of the partial gene sequences were dis-
rupted by frameshifts, 208 were disrupted by point mutations,
and 162 were disrupted by uncharacterized changes, including
insertion sequences and putative deletions (Fig. 2; see Table S1
in the supplemental material). Determination of the precise
number of deleted genes is complicated by the large number of
hypothetical genes that appear to be disrupted, and therefore,
the number should serve as an estimate of the total number of
disrupted genes. The categories with the highest percentages
of disrupted ORFs were the membrane transporter category,
in which 43% of the ORFs were identified as partial ORFs,
and the fatty acid/phospholipid metabolism category, in which
31% of the ORFs were identified as partial ORFs (Table 3). In
contrast, the lowest numbers of partial ORFs were in the
protein synthesis, transcription, and mobile genetic element
categories, and the percentage for each of these categories was
less than 8%.

Analysis of selected partial genes in clinical R. salmonina-
rum strains. The high percentage of partial ORFs in the se-

quenced R. salmoninarum genome suggests that the strain used
for sequence analysis may have undergone mutagenesis during
its extended culture in the laboratory. To examine this possi-
bility, genomic DNA from the ATCC 33209 reference strain,
from two different clinical isolates, and from infected kidney
tissue from naturally infected fish in Oregon were used as
templates to amplify DNA surrounding four selected regions
that appear to have frameshifts in the R. salmoninarum ATCC
33209 genome sequence (Table 1 and Fig. 3). These genomic
regions represent the types of gene inactivation that occur
throughout the chromosome. The targeted chromosomal re-
gions included (i) a dipeptide permease operon (RSal33209_
1659 through RSal33209_1671) that appears to be severely
degenerate, perhaps as a function of integration of an 1S994
element into the center of the operon (RSal33209_0105 and
RSal33209_0106); (ii) a citrate synthase gene (RSal33209_
2899, RSal33209_2900, and RSal33209_2901) that contains
two apparent frameshifts compared to a homolog in Strepto-
myces spp.; (iii) tetP (RSal33209 1873 and RSal33209_1874), a
gene encoding an efflux pump with an apparent frameshift in
its coding region; and (iv) a putative fibronectin binding pro-
tein gene (RSal33209_1552) that is separated by a mutation
from a short ORF containing a gram-positive anchor domain
(RSal33209_1551) (Fig. 3). A 500-bp fragment of each target
gene with sequences that might be mutated near the center was
amplified and sequenced for each of the strains. In all 20
sequences examined, the frameshifts found in the completed
genome were also found in the amplified DNA samples, and
only two sequences had unique single-base changes compared
to the ATCC 33209 genome. These data support the conclu-
sion that the observed frameshifts were highly conserved in
clinical (wild-type) strains of the pathogen and did not accu-
mulate during laboratory culture of the ATCC strain.
Genome evolution. In order to determine the origin of R.
salmoninarum and to better understand the evolutionary pro-
cess shaping the genome, phylogenetic analysis and whole-
genome alignment were performed. Analyses of the 16S rRNA
sequence with reference to the high-G+C-content bacteria, as
well as phylogenetic analysis of common genes, identified Ar-
throbacter spp. as the closest known relatives of R. salmonina-
rum (Fig. 1A; see Fig. S2 in the supplemental material). Two
Arthrobacter genomes, the TC1 and FB24 genomes, have re-
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FIG. 2. Circular diagram of the R. salmoninarum ATCC 33209 genome showing genes and gene similarity to Arthrobacter spp. The circles show
(from the inside to the outside) (i) GC skew (blue, low; red, high), (ii) G+C content (red, =50%; blue, <50%), (iii) disrupted ORFs (red), (iv)
insertion elements (green), (v) ORFs with similarity to Arthrobacter sp. strain FB24 ORFs with a score of <le—10 (orange), (vi) ORFs with
similarity to A. aurescens TC1 ORFs with a score of <le—10 (purple), and (vii) R. salmoninarum ORFs on different strands (different colors

indicate different assigned functions [see Fig. S4 in the supplemental material for an explanation of the colors]).

cently been published or released (41). The R. salmoninarum
genome is 1.44 Mb smaller than the chromosome of TC1 and
1.55 Mb smaller than the chromosome of FB24. In addition,
these two Arthrobacter strains have several large plasmids that
are not present in the ATCC 33209 strain, nor are sequences
with high levels of similarity to Arthrobacter plasmids present in
the R. salmoninarum chromosome. Whole-genome nucleotide
alignment using Mauve (Multiple Genome Alignment Tool;
http://gel.ahabs.wisc.edu/mauve/) was used to identify large

blocks of synteny between the two Arthrobacter genomes and
rearrangements within the R. salmoninarum genome (see Fig.
S3 in the supplemental material).

The R. salmoninarum chromosome and the sequences of the
two Arthrobacter genomes share 1,562 protein ORF clusters
(defined as clusters having a similarity threshold of >1 X
10e—10), including a combined total of 7,336 ORFs consistent
with phylogenetic grouping of R. salmoninarum in the Ar-
throbacter clade (Fig. 1B; see Table S2 in the supplemental
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TABLE 3. Categories, numbers, and percentages of disrupted
R. salmoninarum ORFs

Cat Total no. No.fof % t(')fl
atego: artia. artia:
o of ORFs  Gpk  ORFs
Transport and binding proteins 346 152 43.9
Fatty acid and phospholipid metabolism 100 31 31.0
Central intermediary metabolism 170 48 28.2
Energy metabolism 304 86 28.3
Regulatory functions 240 53 22.1
DNA metabolism 108 23 21.3
Cellular processes 90 18 20.0
Biosynthesis of cofactors and prosthetic 109 24 22.0
groups
Protein fate 152 28 18.4
Amino acid biosynthesis 111 18 16.2
Cell envelope 215 27 12.6
Signal transduction 6 1 16.7

Hypothetical, unclassified, andunknown 1,182 198 16:8
functions

Nucleotides 61 6 9.8
Protein synthesis 128 9 7.0
Transcription 34 2 59
Mobile and extrachromosomal elements 151 6 4.0
Total 3,507 730 20.8

material). Approximately equal numbers of ORFs are part of
the core set of similar genes (2,273 R. salmoninarum ORFs,
2,507 Arthrobacter sp. strain FB24 ORFs, and 2,556 A. aure-
scens ORFs). The two Arthrobacter species share 740 protein
OREF clusters (1,917 ORFs) not found in R. salmoninarum that
may have been lost in the course of genome reduction. Similar
numbers of unique ORF clusters were identified in the three
microorganisms (range, 818 to 933 clusters), suggesting that
the levels of genomic divergence are similar. Compared to all
sequenced microorganisms, a total of 240 R. salmoninarum
ORFs were without function or similarity and are thus unique
to R. salmoninarum (Table 2). Analysis of predicted protein
functions for the Arthrobacter and R. salmoninarum genomes
demonstrated that the evolutionary processes shaping R. sal-
moninarum evolution were skewed toward certain functional
groups (Table 4). For example, compared to the chromosome
of A. aurescens TC1, the R. salmoninarum genome has lower
percentages of ORFs involved in energy metabolism (8.86%
versus 17.87%), cellular processes (2.65% versus 4.5%), and
transcription (1.11% versus 2.15%) but has high percentages of
OREFs involved in central intermediary metabolism (5.13% ver-
sus 2.83%) and mobile and extrachromosomal element func-
tion (4.48% versus 0.85%) (Table 4).

The genome of R. salmoninarum contains three recognized
insertion sequences, IS994 (69 copies), ISRs2 (10 copies), and
ISRs3 (one copy). The genome of the related organism A.
aurescens TC1 contains 46 ORFs encoding functions consistent
with transposons or insertion sequence elements, 23 of which
are on the main chromosome. None of the insertion sequence
elements in either sequenced Arthrobacter genome are present
in the R. salmoninarum genome. As originally described by
Rhodes et al. (53), the IS994 element consists of two ORFs,
designated orfA and orfB, which encode candidate trans-
posases consisting of approximately 120 and 360 amino acids,
respectively. Analysis of the genome sequence revealed that
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there are 69 and 67 copies of 1S994 orfA and orfB, respectively.
This insertion sequence is distributed relatively randomly
throughout the genome in both orientations. There is a single
stand-alone copy of orfB, and there are two copies of orfA that
are separated from orfB. There are three places where orfB is
interrupted by a common frameshift, but the ORFs in most
copies of 1S994 are generally highly conserved and intact.
Rhodes et al. (53) previously demonstrated that each of the
seven copies of 1S994 sequenced contained 24-nucleotide in-
verted repeats at each end of the element. The same 24-
nucleotide inverted repeat is found in all intact copies of 1S994
in the genome.

ISRs2 is a 1,343-bp insertion sequence element with a con-
served 17-bp inverted repeat at each end and with a single
1,071-bp ORF encoding a protein product consisting of 357
amino acids. The predicted protein is most similar to trans-
posases from Rhodococcus and Gordonia spp. The sequence of
ISRs2 is highly conserved, with variations at only six nucleotide
positions resulting in only two amino acid substitutions in the
nine full-size copies. A tenth copy of ISRs2 is truncated and
encodes only the carboxy-terminal 139 amino acids of the pre-
dicted protein.

The third R. salmoninarum insertion sequence element,
ISRs3, is represented in the chromosome by an ORF encoding
a single candidate transposase that is inactivated by a central
frameshift. The interrupted sequence encodes a short 1S200-

A B

FIG. 3. Examples of disrupted ORFs in R. salmoninarum. The pan-
els show ORF maps for different regions of the genome compared to
syntenous regions of the Arthrobacter sp. strain FB24 chromosome (A
and C) or the chromosome of S. coelicolor (B). The R. salmoninarum
sequence is shown in the top box in panels A to C, and homologous
OREFs are indicated by the same colors in each panel. Nonhomologous
ORFs are indicated by open arrows in each panel. (A) Dipeptide
permease operon in which each ORF in R. salmoninarum is inactivated
by frameshifts. There is also a complete 1S994 sequence (black arrow)
that is inserted into the center of the operon. (B) Two divergently
oriented citrate synthase genes that are arranged similarly in the re-
lated species S. coelicolor. One of the citrate synthase ORFs is trun-
cated by serial frameshift mutations. An IS994 sequence is indicated by
a black arrow. (C) tetP sequence encoding a candidate tetracycline
resistance protein, which is interrupted in R. salmoninarum by a frame-
shift mutation. (D) ORF encoding a candidate fibronectin binding
protein that may have been a sortase (SrtA) substrate, in which the
sortase signal is separated from the majority of the ORF by a frame-
shift mutation. The bar in each panel indicates a 500-bp region of the
chromosome that was sequenced for five different R. salmonarum
samples, including two samples amplified directly from diseased fish
collected at an Oregon hatchery. In 18/20 samples, the genome se-
quences of these regions were identical to the assembled R. salmoni-
narum ATCC 33209 genome sequences.
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TABLE 4. Comparison of ORF functional role categories in
R. salmoninarum and A. aurescens TC1

R. A. aurescens
salmoninarum® TC1?
Functional role category

No. of % No. of %

ORFs ORFs
Transport and binding proteins 372 10.60 517 1250
Energy metabolism 311 8.86 739 17.87
Regulatory functions 255 7.27 332 8.03
Cell envelope 220 6.27 340 8.22
Central intermediary metabolism 180 5.13 117 2.83
Protein fate 158 4.50 167 4.04
Mobile and extrachromosomal 158 4.50 35 0.85

element function

Protein synthesis 135 3.85 123 2.97

Synthesis of cofactors, prosthetic 112 3.19 141 341
groups, and carriers

Amino acid biosynthesis 112 3.19 136 3.29

DNA metabolism 110 3.14 111 2.68

Cellular processes 93 2.65 186 4.50

Fatty acid and phospholipid 107 3.05 123 2.97
metabolism

Purines, pyrimidines, 62 1.77 82 1.98
nucleosides, and nucleotides

Transcription 34 0.97 89 2.15

Signal transduction 7 0.20 54 1.31

Total 3,507 4,136

“ ORF categories were determined by using Manatee and manual annotation
(see Table S1 in the supplemental material). Partial ORFs were also included in
the totals, but it is unclear whether they are functional.

® ORF numbers and categories were obtained from reference 41.

like transposase with identity to transposases in Streptomyces
spp. and Mycobacterium spp., among others. ISRs3 is located
between msal and a copy of 1S994 (RSal33209_0135 and RSal
33209_0136).

Information processing. Despite the large numbers of ORFs
that are truncated in R. salmoninarum, all housekeeping genes,
such as genes encoding large and small ribosomal protein sub-
units, are present and intact. R. salmoninarum also possesses
most of the aminoacyl tRNA synthetases; the exceptions are
the aminoacyl tRNA synthetases for arginine and glutamine.
Likewise, R. salmoninarum contains a full complement of fac-
tors for translation initiation (e.g., IF-1, IF-2, and IF-3), trans-
lation elongation (e.g., EF-G, EF-TU, EF-P, and EF-Ts), and
peptide release factors (e.g., RF-1 and RF-2). The chromo-
somal DNA replication machinery is also highly homologous
to that in the sequenced Arthrobacter genomes, including a
DNA polymerase with 383 y/t€ subunits.

DNA modification and repair. The R. salmoninarum genome
appears to have very poor representation of genes encoding
DNA restriction and modification enzymes. No classical type I,
II, or III restriction-modification system genes are in the ge-
nome. R. salmoninarum lacks any ORFs encoding a DNA
polymerase V function, while the Arthrobacter genomes encode
both subunits of this protein. DNA polymerase V (homologous
to Escherichia coli UmuDC) is involved in the bacterial SOS
response. DNA polymerase V and RecA are involved in trans-
lesion synthesis (TLS) to avoid DNA replication-blocking le-
sions. Since TLS is highly inaccurate, SOS induction leads to
mutagenic replication bypass by DNA polymerase V. The ab-
sence of DNA polymerase V in the R. salmoninarum genome
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indicates that this bacterium does not perform TLS in a RecA/
PolV-dependent manner.

Central carbohydrate metabolism. The R. salmoninarum ge-
nome encodes most of the enzymes participating in core cen-
tral metabolic pathways, including glycolysis, pentose phos-
phate, tricarboxylic acid (or Kreb’s) cycle, pyruvate cycle, and
anaplerotic reactions. R. salmoninarum is probably able to
utilize several sugars and polyols. For instance, this organism is
predicted to import and utilize glucose, fructose, arabinose,
gluconate, glycerol, and citrate.

Amino acid metabolism. R. salmoninarum is able to syn-
thesize de novo the following amino acids: histidine, aspartate,
lysine, threonine, valine, leucine, isoleucine, b- and L-alanine,
glutamate, glutamine, arginine, tyrosine, phenylalanine, and
tryptophan. Conversely, R. salmoninarum is unable to synthe-
size serine, glycine, cysteine, asparagine, and methionine de
novo. The inability to synthesize these amino acids is fre-
quently manifested by the presence of truncated ORFs encod-
ing putative enzymatic functions. For instance, in the three-
step phosphorylated serine biosynthetic pathway that converts
3-phosphoglycerate to L-serine, the phosphoserine transami-
nase function is likely absent since the ORFs encoding this
function are truncated (e.g., RSal33209_0497 and RSal33209_
0496). Since the biosynthesis of cysteine is dependent upon
serine availability, this might limit intracellular de novo cys-
teine synthesis, despite the fact that R. salmoninarum has an
intact pathway that converts serine to cysteine. Other routes
for cysteine production from either sulfate or homocysteine
are similarly hindered. However, the R. salmoninarum genome
appears to encode an ABC-type alkylphosphonate transport
system (e.g., RSal33209_1533, RSal33209_1531, RSal33209_
1530, and RSal33209_1529) that is likely able to transport
external O-phosphoserine that is present in fish tissue (36) into
the bacterial cell. The O-phosphoserine can then be trans-
formed into serine using the canonical serine biosynthetic
pathway using phosphoserine phosphatase (e.g., RSal33209_
0497 and RSal33209_0496). In the case of tryptophan, one
caveat is that although phosphoribosylanthranilate synthase is
absent, it is likely that another function substitutes for this
missing enzyme (4). Interestingly, inspection of the R. salmo-
ninarum genome identified a gene encoding tryptophan-2,3-
dioxygenase (RSal33209_2215), an enzyme that transforms
tryptophan into N-formyl-L-kynurenine. Some intracellular
pathogens (e.g., Lawsonia) are able to utilize tryptophan
breakdown products via N-formyl kynurenine to produce an-
thranilate that can be utilized in the classic tryptophan biosyn-
thetic pathway. However, the absence of an arylformamidase
encoded by ORFs in the R. salmoninarum genome suggests
that this bacterium is unable to degrade this compound to
L-kynurenine, potentially leading to accumulation of the com-
pound.

Cofactor biosynthesis. R. salmoninarum appears to have a
complete set of genes encoding enzymes for biosynthesis of
riboflavin, flavin adenine dinucleotide, flavin mononucleotide,
pyridoxine, pantothenate (including 4’'-phosphopantetheine),
coenzyme A, lipoate, and menoquinone. In addition, genes
encoding enzymes for the biosynthesis and recycling of folate,
which is essential for purine and thymidylate metabolism, are
present in the genome. Moreover, the machinery to synthesize
heme a, d, and o is also encoded in the genome.
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Fatty acid and lipid metabolism. The absence of discernible
homologs of the fabA and fabZ genes in the R. salmoninarum
genome suggests that this organism cannot synthesize both
unsaturated and saturated fatty acids and, therefore, has to
scavenge these compounds from the host. Moreover, the ab-
sence of the phospholipid biosynthetic genes suggests that R.
salmoninarum is dependent upon the host for acquiring lipid
building blocks and in this way resembles rickettsial pathogens.
Although R. salmoninarum lacks any ORFs encoding a phos-
pholipid-degrading capability, the R. salmoninarum genome
does encode a triacylglycerol lipase, which hydrolyzes the car-
boxyl ester bonds in mono-, di-, and triglycerides to liberate
fatty acids and alcohols. This lipase is likely essential for main-
taining the lipolytic activity and is responsible for management
of fatty acid availability in the bacterium. In addition, R. sal-
moninarum possesses genes encoding enzymes capable of per-
forming beta-oxidation, suggesting that this organism can me-
tabolize fatty acids and use them as carbon and nitrogen
sources.

Bioenergetics. R. salmoninarum is capable of microaero-
philic growth and respiration. This organism appears to be able
to utilize a variety of carbon substrates for energy, including
pyruvate, lactate, succinate, malate, glycerol-3-phosphate, pro-
line, butanoyl coenzyme A, and fatty acids. The utilization of
fatty acids is particularly noteworthy since R. salmoninarum
likely scavenges host-derived fatty acids to complement its fatty
acid biosynthetic deficiencies. R. salmoninarum possesses
genes responsible for biosynthesis of menaquinone (e.g., RSal
33209_2700 to RSal33209_2702 and RSal33209_2638), which
is the electron carrier for the R. salmoninarum electron trans-
port chain, and the electron acceptor prior to oxygen is a
cytochrome ¢ oxidase. The presence of the full complement of
enzymes for the tricarboxylic acid cycle and glycolytic compo-
nents suggests that ATP generation in R. salmoninarum takes
place via substrate-level phosphorylation. The R. salmonina-
rum genome also contains a full complement of ORFs encod-
ing the proton-transporting F,F, ATP synthase complex.

R. salmoninarum is not capable of anaerobic respiration.
This organism does possess related but truncated enzymatic
systems for anaerobiosis, suggesting that there was an anaer-
obic respiratory chain in its evolutionary past.

R. salmoninarum resuscitation-promoting factors. Resusci-
tation-promoting factors are family of proteins that are
common in high-G+C-content bacteria and are involved in
reactivation of bacterial growth from a dormant state. R.
salmoninarum contains two genes, RSal33209 2532 and
RSal33209_2995, that have a resuscitation-promoting factor
domain. These genes encode predicted proteins consisting
of 220 and 384 amino acids, respectively. Both proteins have
predicted signal peptide sequences, suggesting that they are
exported. The predicted protein product encoded by R. salmo-
ninarum ORF RSal33209_2532 has high sequence similarity to
the original Rpf protein discovered in Micrococcus luteus (42),
while the predicted protein encoded by R. salmoninarum ORF
RSal33209_2995 is most similar to Mycobacterium tuberculosis
RpfB (43). In addition to the resuscitation-promoting factor
domains, R. salmoninarum Rpf contains a peptidoglycan bind-
ing motif, LysM, while R. salmoninarum RpfB contains three
domains with unknown functions (DUF 348), as well as a
single G5 domain identical to M. tuberculosis RpfB.
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Secondary metabolite synthesis or sequestration. The R.
salmoninarum genome contains one fragmented cluster of
genes that may be responsible for siderophore synthesis (RSal
33209_0770 to RSal33209_0772). This set of genes is highly
conserved in the Arthobacter spp. and R. salmoninarum, and
the genes are in a highly syntenous region of the chromosome.
R. salmoninarum also contains multiple operons associated
with sequestration of siderophores, including genes encoding
ferric siderophore binding proteins and permeases associated
with transport of siderophores across the cytosolic membrane
(49). There are three clusters of these genes. One cluster
(ORFs RSal33209_2862 through RSal33209_2859) is present
in both Arthrobacter species and is degenerate in R. salmoni-
narum. A second cluster containing apparently intact coding
sequences (RSal33209_1684 through RSal33209 1681) has a
homologous cluster only in A. aurescens TC1, although there
are intact reading frames in R. salmoninarum. The final gene
cluster is largely degenerate but contains an intact fepG ho-
molog (RSal33209_3347). Therefore, R. salmoninarum en-
codes enzymes comprising an entire ferric siderophore import
system, but no single operon encodes all components and the
process may be complicated by inactivation of certain genes.

Two very large ORFs (RSal33209 2539 and RSal33209_
2540) appear to contain modules for polyketide synthesis sys-
tems, and products of adjacent ORFs may also participate in
the process. These ORFs are not found in either Arthrobacter
species. While it is not possible to predict an end product of
this pathway, this set of genes may be involved in synthesis of
unique secondary metabolites that protect the pathogen from
competing microorganisms.

Stress response genes. R. salmoninarum possesses several
ORFs encoding enzymes that confer resistance to oxygen rad-
icals. The encoded enzymes comprise superoxide dismutase,
catalase, peroxidases, and thioredoxin peroxidase. These en-
zymes constitute a bacterial defense mechanism against bacte-
ricidal radical agents generated by host neutrophils and mac-
rophages. Some of these enzymes may also provide resistance
to nitrogen compounds and radicals produced by the host. One
aspect of intermediate resistance to nitrogen involves the re-
duction of reactive nitrogen intermediates to less toxic prod-
ucts. R. salmoninarum encodes one enzyme (ferridoxin nitrite
reductase; RSal33209_2621) that may be involved in reduction
of nitrite produced by macrophages. Interestingly, this protein
is homologous to an enzyme found in many plants, including
Arabidopsis thaliana. R. salmoninarum also encodes a signal-
transducing histidine kinase, a nitrate/nitrite sensor protein
(narX; RSal33209_0978), suggesting that it is capable of sens-
ing and destroying nitric oxide produced by host macrophages.
The products of these genes may function in resistance to host
defenses, but homologs are present in the Arthrobacter ge-
nomes (see Table S1 in the supplemental material). While
genes involved in the stress response within a host are con-
served, ORFs putatively involved in the response to environ-
mental stressors have not been found. Overall, of the 78 stress-
related ORFs identified in A. aurescens TC1, only 36 (46%) are
present in R. salmoninarum. Interestingly, R. salmoninarum
appears to be particularly deficient in cupin-related genes, and
only 2 of 15 ORFs identified in Arthrobacter have been found
in R. salmoninarum. Cupin-related genes are involved in Mn
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FIG. 4. Comparison of R. salmoninarum and Arthrobacter sp. strain FB24 capsular biosynthesis genes suggests that there was horizontal gene
acquisition. (A) Set of capsular synthesis genes (RSal33209_1436 to RSal33209_1439) (gray arrows) that differ from Arthrobacter sp. strain FB24
ORFs (open arrows) in an otherwise fully conserved region of the genome. Arrows that are the same color indicate ORFs that are homologous
in the organisms. (B) Evidence for horizontal acquisition of a set of capsular synthesis genes (RSal33209_1338 to RSal33209_1342) (black arrows)
located between complete and truncated 1S994 sequences (cross-hatched arrows) inserted into a region of the genome that is otherwise syntenous
with the Arthrobacter genome (open arrows). The G+C contents (expressed as percentages) of the ORFs in the region are indicated in the ORFs.

accumulation and morphogenesis (41) but appear to be dis-
pensable for R. salmoninarum host survival.

Heme acquisition. R. salmoninarum acquired genes encod-
ing several proteins involved in heme and hemin acquisition.
There are two different gene clusters that share identity with
heme acquisition loci of different bacterial species. ORFs
RSal33209_2547 through RSal33209_2552 encode proteins in-
volved in these processes in several other systems. One of these
proteins, heme oxygenase (RSal33209_26547), may also be
important in stress response, as homologs in mammalian cells
are upregulated under stress conditions (8). ORFs RSal33209_
2063 through RSal33209 2061 also encode putative hemin
binding and transport proteins and exhibit the highest levels of
similarity to similar genes in Streptomyces coelicolor. Neither of
the R. salmoninarum gene clusters shares identity with ORFs
present in Arthrobacter, and therefore these clusters appear to
have been acquired after species divergence. Arthrobacter spe-
cies have ORFs encoding proteins with similarity to these gene
products, but they are in gene clusters associated with ferric
siderophore acquisition instead of heme acquisition.

Capsular synthesis. Immunological and microscopic ap-
proaches were used to demonstrate that R. salmoninarum pro-
duces a capsule and/or soluble extracellular carbohydrate (14,
59). The nature of this product is not well characterized. The
R. salmoninarum genome sequence encodes a set of proteins
that form the core of a capsular polysaccharide assembly path-
way. These proteins include homologs of at least seven pro-
teins encoded in Staphylococcus species capsular synthesis ge-
netic clusters (45). However, in contrast to the Staphylococcus
genes, the R. salmoninarum capsular synthesis genes are not
present at a single locus. For example, ORFs RSal33209_1611
and RSal33209_1612 are homologous to cap5G and cap5H but
are physically separated from other genes involved in a puta-
tive capsular synthesis pathway. These genes share no signifi-
cant identity with sequences from Arthrobacter but are adjacent

to genes involved in extracellular carbohydrate synthesis and
transport (RSal33209_1613 through RSal33209_1618), which
are syntenous with homologs in both Arthrobacter spp. (Fig. 4).

The regions encoding capsular synthesis proteins suggest
that there have been multiple mechanisms of evolutionary
divergence from the Arthrobacter group of bacteria. First,
ORFs RSal33209 1436 to RSal33209 1439 are located in a
region of the chromosome that is highly syntenous with regions
in both Arthrobacter species (Fig. 4A). Only one of the candi-
date capsular synthesis ORFs (RSal33209_1436) is shared with
one of the Arthrobacter species (strain TC1). The other candi-
date capsular synthesis genes are not found in the sequenced
Arthrobacter spp., even though each genome has genes for
extracellular polysaccharide synthesis at the same locus. It is
possible that this region has been a locus of divergence as R.
salmoninarum and Arthrobacter spp. have evolved to occupy
different niches. A different mechanism is found in ORFs RSal
33209 1338 to RSal33209_1342. This region may represent a
genomic island acquired by R. salmoninarum via a horizontal
transmission event. These ORFs encode proteins that can be
placed in capsular synthesis pathways, have low G+C contents
(48 to 51%) compared to the general R. salmoninarum genome
(56.3%), and are flanked by complete and partial IS994 inser-
tion elements (Fig. 4B). Therefore, at some point in the evo-
lution away from a progenitor species, R. salmoninarum may
have lost selected pathways associated with environmental ex-
opolysaccharide synthesis, modified existing genes encoding
exopolysaccharide synthesis proteins, and gained a pathway
associated with synthesis of a protective capsule.

Gene products encoded by RSal33209 1750 and RSal
33209 2984 are similar to enzymes involved in UDP-glucose
metabolism, and homologs of these gene products participate
in capsular synthesis in a diverse collection of bacteria (12, 45).
These gene products also share sequence identity with proteins
that participate in carbohydrate metabolism in many different
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organisms, and the genes are represented in the Arthrobacter
sp. strain FB24 genome.

Protein secretion machinery and the sortase pathway. R.
salmoninarum contains a complete Sec-dependent secretion
pathway with the exception of a YajC homolog (protein trans-
locase). Four homologs of signal peptidase I (RSal33209_1086,
RSal33209_1087, RSal33209_1255, and RSal33209_2979) and
one homolog of signal peptidase II (lipoprotein signal pepti-
dase; RSal33209_2485) are present. A SignalP and TmPred
search demonstrated the presence of at least 444 ORF prod-
ucts having a typical Sec secretion leader peptide (see Table S1
in the supplemental material).

The R. salmoninarum genome also contains an ORF encod-
ing a sortase, a member of a group of cysteine transpeptidases
in gram-positive bacteria that promote covalent anchoring of
proteins to the peptidoglycan surface of the cell envelope (38).
Sortases are interesting in that they represent a new target for
novel anti-infective therapeutic drugs (38). The R. salmonina-
rum sortase (RSal33209_2896) is a member of subfamily 5 or
class D of bacterial sortases (10, 13) and shares 65 and 62%
identity with the sortases in A. aurescens TC1 and Arthrobacter
sp. strain FB24, respectively. Using the tripartite pattern
search method of Boekhorst et al. (5), as well as tools such as
Pfam, SignalP, TMpred, and ProDom, we identified seven
ORFs in the R. salmoninarum ATCC 33209 genome specifying
potential sortase substrates containing the LAXTG motif (RSal
33209_2105, RSal33209 3407, RSal33209_2525, RSal33209_
3273, RSal33209_0619, RSal33209_1326, and RSal33209_
0402), some of which were predicted to be cell surface pro-
teinases or adhesins (62). Two of the seven potential SrtD
substrates identified through bioinformatics analysis are anno-
tated as products of pseudogenes (RSal33209 0619 and RSal
33209_1326), and the current search may have failed to identify
additional complete sortase substrates. Of the seven ORFs with
SrtD recognition signals, three are syntenous with Arthrobacter
species homologs (RSal33209_3407, RSal33209_1326, and RSal
33209_0402), and three are unique to R. salmoninarum (RSal
33209_2105, RSal33209_2525, and RSal33209_3273). The re-
maining putative sortase substrate (RSal33209 0619) shares
sequence identity with candidate acid phosphatases in gram-neg-
ative bacteria.

In addition to the probable functional SrtD, there is a
second ORF product containing a sortase catalytic domain. This
123-amino-acid ORF product (RSal33209_1799) appears to be
encoded by a remnant of a srt4 gene. Two potential SrtA
substrates are encoded in the genome; one of them is complete
and syntenous with a hypothetical protein in Arthrobacter sp.
strain FB24 (RSal33209_1929), and the other is a unique ORF
product encoded by a pseudogene (RSal33209_1551). The lat-
ter ORF is adjacent to a large ORF encoding a putative fi-
bronectin binding protein that lacks a sortase recognition motif
(Fig. 3D).

Antibiotic resistance genes. A search of the R. salmoninarum
genome yielded 68§ ORFs homologous to genes encoding fac-
tors known to be involved in resistance to different antibiotics.
These factors include a variety of multidrug transporters, sev-
eral B-lactamases (e.g., RSal33209_0207, RSal33209_0436, and
RSal33209_0920), and tetracycline (fetA [RSal33209_0457]
and tetB [RSal33209_0459]) and macrolide resistance factors.
Macrolide resistance is an especially important concern since
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erythromycin (and to a lesser extent azithromycin) is com-
monly used to control R. salmoninarum infections in both sup-
plementation and conservation hatcheries. Several classes of
macrolide resistance genes are represented in the genome,
including genes encoding two 23S rRNA methyltransferases
(rlmA™ [RSal33209_2019] and spoU [RSal33209_3401]), a
macrolide efflux factor (mefA4 [RSal33209_2224]), a multidrug
resistance efflux pump (pvsC [RSal33209_1691]), and a 16S
rRNA dimethylase (ksg4 [RSal33209_2994]). The genome also
contains an ORF with similarity to a gene encoding macrolide
glycosyltransferase (mgt4 [RSal33209_2959]), but the ORF is
truncated and likely nonfunctional. The rimA", spoU, mefA,
and ksg4A ORFs show high synteny with homologs in Ar-
throbacter spp., while pvsC and mgtA have other ancestral or-
igins.

MSA. The R. salmoninarum major soluble antigen (MSA)
(also referred to as major surface antigen) is a unique protein
that makes up approximately 70% of the bacterial cell surface
protein in R. salmoninarum (72) and is secreted into fish tissues
at concentrations up to mg per ml (64). MSA is found in
culture supernatants, in fish tissues, and on the cell surface as
an intact 57-kDa protein, and as defined fragments of the
full-length molecule (69). This protein has immunosuppressive
properties and is considered a major virulence factor (9). Pre-
vious work demonstrated that the MSA gene is duplicated in
the genomes of many R. salmoninarum strains, including
ATCC 33209 (44, 70), and this was confirmed by genome
sequencing. The entire msa coding sequence and more than
700 downstream base pairs are exactly duplicated in each of
the two copies. Both copies of msa are linked to nearby 1S994
sequences, and one msa copy is adjacent to the single degen-
erate ISRs3 sequence. Interestingly, a third copy is present in
many clinical isolates, and these strains exhibit increased vir-
ulence compared to strains carrying two copies of msa (50). No
homolog of the MSA gene has been found in any other se-
quenced bacterial genome.

Serine proteinases. As mentioned above, MSA is targeted
by an unknown serine proteinase activity in bacterial culture
supernatants. The enzymatic activity is associated with a >100-
kDa enzymatically active nonreduced protein species (56). The
R. salmoninarum genome encodes several candidate serine
proteinases, including some that are conserved in R. salmoni-
narum and Arthrobacter spp. and several that are not found in
Arthrobacter spp. Included in this group are a pair of subtilis-
inlike enzymes that are encoded by sequential ORFs (RSal
33209_0104 to RSal33209_0106). One of this pair is inter-
rupted by a frameshift. The serine proteinases that do not have
homologs in Arthrobacter spp. group into four families, includ-
ing representatives of ORFs RSal33209 0898, RSal33209
1246, and RSal33209 0571 and the subtilisin homologs. Sev-
eral of the ORFs encode proteins that have secretory signal
sequences and therefore might have a role in the extracellular
digestion of MSA. However, none of these proteins has a
predicted molecular mass greater than 60 kDa, and none of
them has been directly implicated as the proteinase responsi-
ble for this activity.

Hemolysins. It was reported previously that the R. salmoni-
narum genome encodes at least two specific hemolysins (21, 30,
31). The previous investigators expressed random R. salmoni-
narum DNA fragments in E. coli and looked for hemolysis by
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plating preparations on blood agar plates. One of the clones
obtained was sequenced and identified in the genome as ORF
RSal33209_3168. As noted by Grayson et al. (30), the product
of this gene contains peptidase and proteinase motifs and may
function in digestion of proteins following secretion from R.
salmoninarum. Three additional candidate hemolysins are rep-
resented in the genome, encoded by ORFs RSal33209_0811,
RSal33209_3195, and RSal33209_3047. Each candidate hemo-
lysin has clear homologs in Arthrobacter, indicating that they
were not horizontally acquired as an adaptation to the piscine
host. It is possible that other reported hemolysins whose se-
quences are not present in the GenBank database may be
encoded by one of these ORFs.

DISCUSSION

The genome sequence of R. salmoninarum ATCC 33209,
coupled with the results of a comparative genomic analysis of
related microorganisms, supports the hypothesis that R. salmo-
ninarum evolved from an Arthrobacter-like precursor, largely
via genome reduction. While R. salmoninarum is a fastidious
obligate pathogen of salmonid fish, members of the genus
Arthrobacter are soil inhabitants that are noted for their ability
to survive many types of environmental stress. However, there
is no evidence that R. salmoninarum grows for extended peri-
ods outside the salmonid host, and no member of the Ar-
throbacter family colonizes any host species. Therefore, this is
an interesting model for analysis of pathogen evolution.

Mechanisms for evolution of pathogens from commensal or
environmental organisms are being elucidated now (47). Stin-
ear et al. (61) noted six genomic features that characterize
rapid adaptation of pathogens to the eukaryotic host environ-
ment. These features include (i) expansion of insertion ele-
ments, (ii) the presence of abundant pseudogenes, (iii) smaller
genome size, (iv) chromosomal rearrangements, (v) acquisition
of foreign genes, and (vi) a high degree of genetic relatedness
or clonality within the species. Each of these features is rep-
resented in the R. salmoninarum genome. There are a total of
80 copies of three insertion elements, including 69 highly con-
served copies of the bicistronic element 1S994. There are also
10 conserved copies of ISRs2 and a single degenerate copy of
the IS200-like element ISRs3. There are many apparent pseu-
dogenes in R. salmoninarum (n = 730), and many pathways are
apparently reduced via this strategy. The lack of restriction-
modification systems encoded in the R. salmoninarum genome
may contribute to the extensive disruption of the ORFs. The
genome is approximately 1.9 Mbp smaller than the Ar-
throbacter genomes, and there are concomitant reductions in
functional capability and level of adaptability. There are exam-
ples of horizontally acquired genomic islands in the R. salmo-
ninarum chromosome, including a group of capsular synthesis
genes flanked by partial and complete 1S994 sequences (Fig.
4). Finally, strains of R. salmoninarum are highly homogeneous
with respect to the overall genomic structure, biochemical
properties, and surface antigens (24, 27, 53, 68).

The differences between the Arthrobacter species and R.
salmoninarum genomes are reflected in the reduction in the
relative number of specific classes of bacterial proteins, includ-
ing the proteins involved with energy metabolism, transcrip-
tion, and signal transduction (Table 4). In addition, there is an
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increased number of frameshifted genes in certain functional
classes, including the transport, central intermediary metabo-
lism, fatty acid synthesis, and energy metabolism classes (Table
3). This nonrandom reduction in genetic function may re-
flect the unique needs of R. salmoninarum during infection
of the host compared to the needs of the environmental
Arthrobacter spp.

While the major force in R. salmoninarum evolution was
likely genome reduction, there are several examples of appar-
ently horizontally acquired genes associated with pathogenesis.
First and foremost, the pathogen acquired msal and msa2 via
horizontal transmission and subsequent duplication. In agree-
ment with previous analyses, the msa genes are identical (44,
50, 70). MSA binds leukocytes, mammalian erythrocytes, and
fish sperm cells and is the predominant protein produced in
culture and in infected fish tissues (63, 64, 67, 69). This protein
is also the only conclusively proven virulence factor in the
species, and no orthologs are present in the two Arthrobacter
species or in any other microorganism. One copy of the gene is
adjacent to the degenerate ISRs3, and both copies are adjacent
to or very near a copy of IS994. At present, the original source
of msa is unknown.

The genome contains a number of ORFs encoding likely
surface proteins, including eight ORFs that contain sortase
cleavage motifs, and it encodes one intact sortase. Based on
recent classification schemes, the R. salmoninarum sortase
(RSal33209_2896) is most closely related to the subfamily 5 or
class D bacterial sortases (SrtD) (10, 13). Members of this
subfamily recognize an LAXTG motif. The R. salmoninarum
SrtD shares 65 and 62% identity with the sortases in A. aure-
scens TC1 and Arthrobacter sp. strain FB24, respectively, while
most gram-positive bacteria possess SrtA or subfamily 3 sor-
tases that recognize proteins with LPXTG and LPXTGG motifs,
respectively. Three of the seven sortase cleavage motif-encod-
ing ORFs are also present in Arthrobacter, and two of these
OREFs appear to be pseudogenes in R. salmoninarum. Treat-
ment of R. salmoninarum with sortase inhibitors decreases the
adherence of R. salmoninarum to fibronectin and fish cells in
vitro, suggesting that these proteins have a role in attachment
(62). Recent drug discovery efforts have focused on sortases as
a possible therapeutic target, and it is possible that such efforts
will be important in preventing R. salmoninarum infection (62).
While R. salmoninarum SrtD is the only apparent active sor-
tase, the presence of a degenerate srt4 gene and at least one
degenerate SrtA substrate with homologs in Arthrobacter may
represent additional examples of specific genome decay in a
pathway not needed for the intracellular lifestyle of R. salmo-
ninarum.

As might be expected for a microorganism related to bacte-
ria that survive in soil, the R. salmoninarum genome contains
many genes encoding antibiotic resistance factors, ranging
from multidrug transporters to factors that specifically modify
either an antibiotic or its substrate. The number of macrolide-
resistant factors is particularly interesting in that erythromycin
is often the antibiotic of choice in treatment of BKD. Expres-
sion of at least two identified macrolide resistance genes
(rlmA™ and mefA) was increased upon exposure of R. salmoni-
narum to erythromycin or azithromycin, and this increased
expression correlates with true resistance to these two macro-
lides (P. S. Sudheesh and M. S. Strom, unpublished data). The
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identification and subsequent characterization of these genes
through analysis of the R. salmoninarum genome demon-
strated a molecular mechanism for the generalized failure of
macrolides to completely clear R. salmoninarum from an in-
fected fish population, despite the observed low MIC (54).

A total of 1,562 ORF clusters were similar in R. salmonina-
rum and Arthrobacter spp. This high level of genomic similarity
may explain the efficacy of the commercial vaccine Renogen,
which is composed of a live, lyophilized Arthrobacter sp. that is
injected into young fish. However, this efficacy extends only to
Atlantic salmon (S. salar), and the vaccine does not provide
significant protection to Pacific salmonids (Oncorhynchus
spp.); thus, vaccine coverage remains low (6, 55). The genome
sequence may be useful in identifying novel candidate vac-
cine targets, which may lead to more efficacious vaccines
that will stimulate long-lasting cellular immunity against R.
salmoninarum.

R. salmoninarum contains genes encoding selected horizon-
tally acquired virulence factors, including capsular synthesis
genes, heme acquisition operons, genes encoding possible he-
molysins, and the poorly characterized msa genes. Most of
these genes do not have homologs in Arthrobacter spp., and
thus, they may form the basis of the niche differences between
these bacteria. While the classic BKD lesion is analogous to
the granuloma found in piscine mycobacterial infections, R.
salmoninarum does not produce mycolic acids or other myco-
bacterial surface virulence factors. Therefore, the genome se-
quence increases our understanding of the pathogenesis of R.
salmoninarum infection, but most of the host-microbe interac-
tions in this system remain poorly understood. It is anticipated
that the R. salmoninarum genome sequence will be a valuable
tool for research scientists working to identify potential R.
salmoninarum diagnostic, immunogenic, and therapeutic tar-
gets, with the goal of assisting fishery professionals in preven-
tion and control of BKD.
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